Two-pore channels (TPC1, 2, and 3) are recently identified endolysosmal ion channels, but remain poorly characterized. In this study, we show for the first time a role for TPC1 in cytokinesis, the final step in cell division. HEK 293 T-REx cells inducibly overexpressing TPC1 demonstrated a lack of proliferation accompanied by multinucleation and an increase in G2/M cycling cells. Increased TPC1 was associated with a concomitant accumulation of active RhoGTP and a decrease in phosphorylated myosin light chain (MLC). Finally, we demonstrated a novel interaction between TPC1 and citron kinase (CIT). These results identify TPC1 as a central component of cytokinetic control, specifically during abscission, and introduce a means by which the endolysosomal system may play an active role in this process.
Introduction
The 2-pore channels (TPC1, 2 and 3) constitute a family of endolysosomal ion channels, and belong to the 6 transmembrane (6TM) ion channel superfamily with homology to voltage-gated ion channels. Unlike plasma membrane Na V and Ca V channels, the primary structures of TPCs contain 2, instead of 4, 6TM domains, 1 each containing a pore-forming loop, suggesting that TPCs represent an evolutionary intermediate between single 6TM and 4 6TM channels. 2, 3 TPCs are encoded by 3 genes in most deuterostomes, including sea urchins, whereas only 2 isoforms, TPC1 and TPC2, are present in rats, mice and humans. [3] [4] [5] TPC transcripts are found in most human and mouse tissues, suggesting a ubiquitous function. 3, 6 All TPC isoforms localize to acidic organelles, with TPC2 expression predominantly lysosomal, and TPC1 with a wider distribution within the endolysosomal system, found in lysosomes, early and recycling endosomes. 3, 4, 7 In plants, studies of Ca 2C release in Arabidopsis identified AtTPC1 as a channel 8 that mediates the slow vacuolar current, 9 regulating germination and stomatal movement. 10 TPCs have been shown to regulate differentiation, 11 smooth muscle contraction 12 and endothelial cell activation, 13 consistent with previous studies implicating nicotinic acid adenine dinucleotide phosphate (NAADP)-induced Ca 2C release in these events, [14] [15] [16] and supported by several overexpression, knockdown and knockout models. 3, 4, 6, 17 Regulation and affinity of TPC ion channels is a contentious issue. Literature suggest proton-permeable ion channels activated by NAADP or Ca 2C ; 18 although photoaffinity labeling studies suggest that NAADP does not directly bind TPCs. 19, 20 However other studies indicate Na C -selective channels regulated by phosphoinositide-3,5-bisphosphate (PI(3,5)P 2 ) and ATP. 21, 22 Further studies may still be needed to account for both sets of data.
Our data show a role for TPC channels in cytokinesis, the final step in cell division. This is a highly ordered process, requiring an intricate interplay between cytoskeletal, chromosomal and cell cycle regulatory pathways. A number of additional cellular processes are also important in cytokinesis, including protein and membrane trafficking, lipid metabolism, protein synthesis and DNA damage. 23 Dys-regulation of this process can cause multinucleation and aneuploidy, processes that can lead to chromosomal instability and directly impact cancer progression. [24] [25] [26] Successful partitioning of cytoplasmic and genomic materials at the end of cell division requires a transition from constriction to abscission and interaction between contractile ring and spindle components, but how these events are coordinated is not well understood.
In the present study, we show that overexpression of TPC1, but not TPC2, causes the cessation of cellular proliferation associated with multinucleation and abnormal cell cycle distribution. TPC1 was shown to interact with citron kinase (CIT), with TPC1 overexpression affecting RhoA activity and myosin light chain (MLC) phosphorylation levels in cytokinesis. These results indicate an important role for the endolysosomal system in cell cycle regulation.
Materials and Methods
Plasmid constructs C-terminal FLAG-tagged human TPC1 and TPC2 clones were obtained from Open BioSystems, pCAG plasmid harboring a myc-tagged CIT fusion protein was a gift from Dr. Narumiya at Kyoto University, and RhoA clones were obtained from the University of Missouri-Rolla cDNA Resource Center. TPC target cDNAs were PCR-amplified to include a FLAG tag epitope and cloned into pcDNA4/TO or pcDNA5/TO vectors (Life Technologies). Site-directed mutagenesis was performed with the QuikChange II XL kit (Stratagene) according to the manufacturer's instructions.
Cell culture and transfection HEK 293 T-REx cells (Life Technologies) were maintained in DMEM and 10% fetal bovine serum supplemented with 2 mM glutamine, and maintained in a humidified atmosphere of 5% CO 2 at 37 C. Tetracycline-inducible stable cell lines were generated by electroporation and maintained in media supplemented with selective compounds zeocin or blasticidin and hygromycin. Positive clones were screened by co-immunoprecipitation and western blotting. Induction was induced by 1 mg/ml tetracycline for 16 h. Cells were synchronized by serum starvation (0% FBS) for 48 h before use. Transient transfection of HEK 293 T-REx cells with the pCAG plasmid was achieved with TransIT transfection reagent (Mirus Bio).
Proliferation assay
Cells were harvested at various time points and lysed on ice in buffer (50 mM HEPES pH 7.4, 75 mM NaCl, 20 mM NaF, 10 mM iodoacetmide, 0.5% Triton X-100, 1 mM PMSF and protease cocktail inhibitor). Total protein was measured from 5 ml of lysate with the DC Protein Assay (Bio-Rad) and performed in triplicate.
Transmission electron microscopy Cells were fixed with 2% PFA and glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 for 20 min at RT. Cells were washed twice in 0.1 M cacodylate buffer for 5 min, and postfixed with 1% OsO4 in 0.1 M cacodylate buffer for 1 hour. En-bloc staining was performed in 1% aqueous uranyl acetate for 30 min, then cells were dehydrated in a graded ethanol series (30%, 50%, 70%, 85%, 95%, 100%), substituted with propylene oxide, and embedded in LX112 epoxy resin. After epoxy resin infiltration, samples were placed in molds and polymerized at 60 C for 2 days. Ultrathin (60-80 nm) sections were obtained on a Reichert Ultracut E ultramicrotome, double stained with uranyl acetate and lead citrate, viewed on a LEO/Zeiss 912 EFTEM at 100 kV, and photographed with a Proscan frame-transfer CCD.
Immunofluorescence microscopy HEK 293 T-REx cells were grown on cover slips and fixed with methanol for 10 min at ¡20 C. After blocking in 0.7% fish skin gelatin (FSG) in PBS, cells were incubated with rabbit anti-TPC1 (Bethyl Labs, 1 mg/ml in 0.05% FSG) and mouse anti-CIT (BD, 0.5 mg/ml in 0.05% FSG), washed, and incubated with anti-mouse Alexa488 and anti-rabbit Alexa568 secondary antibodies (Life Technologies, 0.5 mg/ml in 0.05% FSG) and washed. Nuclei were counterstained with Hoechst 33342 (100 mg/ml) for 5 min at RT. Cells were imaged on an Olympus IX70 fluorescence inverted microscope with quadruple dichroic filter block and excitation filter set 88000 (Chroma), connected to an F-view monochrome CCD camera.
Flow cytometry
Cells were washed in buffer (PBS, 2% FBS) and spun at 1000 rpm for 5 min, resuspended in buffer, and fixed in 75% ethanol for 1 h at 4 C. Cells were washed twice in buffer and stained with propidium iodide in the presence of RNAse A for 30 min at 37 C. Analysis was performed on a Beckman Coulter EPICS Elite EPS Flow Cytometer. Data was analyzed with FloJo software (Treestar).
Mass spectrometry
Liquid chromatography mass spectrometry (LC/MS) analysis was performed by the W.M. KECK Foundation Biotechnology Resource Laboratory at Yale University. Samples were resolved on a 2-D PAGE gel, stained with coomassie blue, and in-gel trypsin digestion performed on bands of interest. Analysis was performed on a Micromass Q-TOF API mass spectrometer, with chromatographic separation performed on a C18 analytical column (100 mm i.d., Atlantis). Proteins were identified from spectra with the Mascot Distiller and Mascot database search algorithm (Matrix Science).
Co-immunoprecipitation (Co-IP)
Cells were lysed as previously described, cleared by centrifugation and incubated with anti-FLAG M2 (Sigma-Aldrich) or cmyc (Abgent) for 1.5 h at 4 C. Antibody complexes were captured onto protein A agarose beads (Sigma Aldrich), recovered at 12,000 rpm for 1 min and subjected to 2-4 washes with lysis buffer. Immunoprecipitated proteins were eluted with reducing sample buffer (20% glycerol, 62.5 mM Tris-HCl pH 6.8, 0.05% bromophenol blue, 2 mM 2-mercaptoethanol) and boiled at 95 C for 8 min. Total protein was acetone precipitated and solubilized in reducing sample buffer.
Western blotting
Total protein and immunoprecipitated samples were resolved by SDS-PAGE and transferred to PVDF membrane, blocked with 5% non-fat milk or BSA for 1 h at RT and incubated overnight at 4 C with primary antibody (TPC1 and TPC2, Bethyl Laboratories; cyclin B1, phospho-cdc2, phospho-Rb, cyclin E1, cyclin A, phospho-p44/42 MAPK, phospho-MLC2, Cell Signaling Technology) diluted in antibody diluent (15 mM Tris base, 150 mM NaCl, 0.05% Tween-20, 0.05% NaN 3 ). The membrane was washed in TTBS (15 mM Tris base, 150 mM NaCl, 0.05% Tween-20) and incubated with HRP-conjugated IgG antibodies (GE Healthcare, 1:12,000) in 0.5% non-fat milk at RT for 45 min before visualization with ECL Plus detection reagent (GE Healthcare) on a Kodak X-OMAT 2000A processor with Kodak X-OMAT LS imaging film. Densitometry analysis was performed using ImageJ software.
Human tumor array
Human tumor tissue array (Biochain), was blocked with 5% non-fat milk or BSA for 1 h at RT and incubated overnight at 4 C with primary antibody (TPC1, Bethyl Laboratories) diluted in antibody diluent (15 mM Tris base, 150 mM NaCl, 0.05% Tween-20, 0.05% NaN 3 ). The membrane was washed in TTBS (15 mM Tris base, 150 mM NaCl, 0.05% Tween-20) and incubated with HRP-conjugated IgG antibodies (GE Healthcare, 1:12,000) in 0.5% non-fat milk at RT for 45 min before visualization with ECL Plus detection reagent (GE Healthcare) on a Kodak X-OMAT 2000A processor with Kodak X-OMAT LS imaging film. Densitometry analysis was performed using the Dot_Blot_Analyzer macro in the Fiji release of ImageJ (imagej. nih.gov/ij/).
Rho GTPase activation assay
Cells were lysed on ice in 25 mM HEPES pH 7.5, 150 mM NaCl, 1% NP-40, 10% glycerol, 25 mM NaF, 1 mM EDTA, 1 mM PMSF and 1 mM sodium orthovanadate. Lysates were cleared by centrifugation at 14,000 £ g for 5 min at 4 C, and loaded with 10 mM 0.5 M EDTA and 100 uM GTPgS (Sigma) or 1 mM GDP (Sigma) for 30 min at 30 C. Lysates were incubated with 20 mg Rhotekin-RBD agarose (Upstate) for 45 min at 4 C, recovered by centrifugation at 14,000 £ g for 10 s at 4 C and washed 3 times with lysis buffer. Samples were incubated at 95 C for 8 min in sample buffer containing 1 M DTT and resolved by SDS-PAGE.
Statistical analyses
Tissue array analyses were carried out with R, a free software environment available at http://www.r-project.org/. Box plots were drawn using the ggplot2 and reshape2 packages following routines originally developed by Tukey. Volcano plots were generated from -log 10 values from unpaired Student's t-test vs. the average ratio fold change of the tumor to the normal tissue observations, and drawn with the plotrix package. Unless otherwise indicated, all data is shown as mean § SEM of 3 replicates.
Results
Overexpression of TPC1, but not TPC2, causes cessation of cellular proliferation HEK 293 T-REx cells induced with tetracycline to overexpress TPC1 or TPC2 were grown over a period of 5 days. TPC1, but not TPC2 cells, demonstrated a decrease in cellular proliferation as measured by total protein content over time (Fig. 1A) . This reduction in cell proliferation was apparent by 48 h, and maintained thru day 5. Phenotypically, TPC1-overexpressing cells showed a characteristic rounding of cells in chains or clusters, progressing to detachment from the substrate that was not a result of apoptosis (data not shown). Instead, a possible defect in cellular division was investigated.
TPC1 overexpression causes multinucleation and abnormal cell cycle distribution
Transmission electron microscope (TEM) images of TPC1 cells after 72 h of growth showed enlargement and multinucleation of cells compared to wild-type (WT) HEK 293 T-REx cells (Fig. 1B) . Mixed population experiments indicated that multinucleation was not a result of cell fusion (data not shown). TPC1 cells formed multiple membrane-enclosed nuclei, indicating mitotic failure rather than cell cycle arrest. To confirm this, flow cytometric analysis of DNA content was measured over a period of 96 h. TPC1 over-expressing cells showed marked G2/M accumulation and appearance of greater than tetraploid (>4 N) populations compared to WT cells (Fig. 1C) , suggesting that TPC1 overexpression is associated with abnormal cell cycle regulation, resulting in polyploidy. Removing and rinsing the tetracycline containing media from the cells after 24 hours did not rescue them from the cell cycle disruption and multinucleation (data not shown).
TPC1 and TPC2 protein levels are modulated during the cell cycle
Due to their possible role(s) in cell cycle regulation, TPC1 and TPC2 expression was compared to that of various cell cycle markers. WT cells were synchronized by serum starvation and analyzed for endogenous TPC1 or TPC2 expression by Western blot. Endogenous TPC1 and TPC2 protein levels fluctuated over time, similar to the cycling expression patterns of phosphocdc2, cyclin A, cyclin B1, phospho-Rb and cyclin E1 (Fig. 2) . Specifically, TPC1 expression appears to peak at the G2/M transition, whereas TPC2 levels are highest between the S and G2 phases.
TPC1 interacts with citron kinase
To further elucidate the role of TPC1 in cell cycle regulation, TPC1 binding partners were investigated. LC/MS/MS analysis of TPC1-interacting proteins identified citron kinase (CIT) as an N-terminus binding partner of TPC1 (data not shown). CIT acts as a key facilitator of late events during cytokinesis, by regulating a molecular network of contractile ring components and microtubule-associated proteins. 27 This interaction was confirmed by co-immunoprecipitation of TPC1-FLAG-overexpressing cells transiently transfected with CIT-myc (Fig. 3A) . Observing this interaction between TPC1 and CIT, we sought to determine the subcellular localization of the TPC1-CIT complex through the cell cycle. In non-dividing cells, TPC1 and CIT were localized diffusely throughout the cell, but during mitosis, TPC1 and CIT appeared to colocalize in membrane areas surrounding separating chromatids (Fig. 3B) . Thus the spatial distribution of TPC1 may be specially coordinated to enable its participation in cytokinesis.
TPC1 overexpression results in the accumulation of active RhoGTP and reduced pMLC
The small GTPase RhoA is a central component of cytokinesis control in eukaryotes, controlling actin polymerization during formation and stabilization of the cleavage furrow, and also drives contraction of the actin ring through myosin light chain (MLC) phosphorylation. 28, 29 Since CIT is essential to maintaining proper RhoA localization at the cleavage site during cytokinesis, 30, 31 we sought to determine the effect of TPC1 overexpression on RhoA activation and MLC phosphorylation. Using a RhoGTP affinity assay, levels of active RhoGTP were shown to increase with TPC1 overexpression over time (Fig. 4A) . Concomitant with TPC1 induction, phospho-p44/42 MAPK expression increased while phospho-MLC2 levels decreased (Fig. 4B) . These results indicate that overexpression of TPC1 may sequester CIT, restraining RhoGTP localization and MLC phosphorylation, and inhibiting actin ring contractility and abscission. Overexpression of WT RhoA, a dominant-negative mutant of RhoA, or a constitutively active RhoA mutant, was unable to overcome the proliferation defect induced by TPC1 overexpression (Suppl. Fig. 1 ).
TPC1 is upregulated in human tumor tissues
Deregulation of the cell cycle, and specifically, cytokinesis failure, directly contributes to genetic instability and the development of cancer cells. 32 Since cytokinetic defects and multinucleation were observed in TPC1-overexpressing cells, we measured TPC1 protein expression in an array of human tumor tissues. Compared to normal tissues, tumor tissues expressed significantly more TPC1 (Fig. 5) . Furthermore, the ratio foldchange of tumor to normal tissue TPC1 expression was statistically significant for the vast majority of tissue types examined (Suppl. Fig. 2 ), further highlighting a link between TPC1 dysregulation and tumorigenicity.
Discussion
We show here a novel role for TPC1 in cell cycle regulation, specifically, in the initiation of the cleavage furrow needed to achieve cytokinesis. Cells overexpressing TPC1 were shown to have a proliferation defect, accompanied by a multinucleation phenotype and polyploidy. TPC1 overexpression was also associated with increased RhoGTP levels and decreased MLC phosphorylation. Moreover, we present evidence for a novel proteinprotein interaction between TPC1 and CIT, which could cause the disruption in MLC phosphorylation and cytokinesis that we observe.
The connection between cell cycle completion and CIT has been well-established, with CIT knockout or siRNA knockdown experiments showing an increase in tetraploid/multinucleate cells and cytokinetic defects. [33] [34] [35] [36] [37] It was initially proposed that mammalian CIT acted during cleavage furrow ingression, regulating the levels of di-phosphorylated MLC downstream of RhoA. [38] [39] [40] However, more recent studies suggest that CIT is specifically involved in the latest stages of cytokinesis, during abscission, 41, 42 not as a RhoA effector, but instead to maintain proper RhoA localization at the cleavage site during cytokinesis. 30, 31 CIT has been postulated to be a scaffold protein, 30, 43 and indeed, its multi-domain structure has been shown to bind with ROCK II, profilin IIa, LIMK, p116RIP, anillin, Dlg5, 30, 44, 45 and other mitotic proteins including PRC1, KIF14, RanBPM and Plk1. 41, 46, 47 Most recently, p27Kip1 was shown to compete with RhoA for binding to CIT, causing multinucleation and polyploidy. 43 We propose that multinucleation in TPC1-overexpressing cells may similarly be a result of sequestration or competitive binding between TPC1 and CIT. We found TPC1 overexpression to be associated with an accumulation of active RhoA. Temporal and spatial regulation of active RhoA is necessary for successful cytokinesis completion, 30, 48 therefore our data support that TPC1 sequestration of CIT and disruption of the appropriate CIT-RhoA interaction results in compensation with the production of excess RhoGTP. In an attempt to rescue the multinucleation caused by over-expression of TPC1, we overexpressed CIT but did not overcome the proliferation defect (data not shown). We propose that once cell cycle dysregulation occurs past expected mitosis there is no capacity for reversion, as it would be hard to imagine the accurate organization of division machinery in >3 n ploidy cell allowing cytokinesis into more than 2 cells simultaneously. Other published CIT overexpression studies also showed abscission delay, 30 suggesting that dysregulation of CIT activity in general is capable of effecting cytokinetic defects.
TPC1 overexpression was also associated with a decrease in MLC phosphorylation (Fig. 4B) . In eukaryotes, phosphorylation of the regulatory light chain of myosin II, the principal motor responsible for cytokinesis, is a primary means of its activation. 40 While studies performed in both drosophila 49 and mammalian cells 40 indicate that CIT has little or no role in regulating MLC phosphorylation in vivo, analysis of myosin phosphorylation in CIT knockout mice revealed that pMLC was increased, rather than decreased, in the neuronal precursors of mutant mice. Thus TPC1-mediated decreases in MLC phosphorylation are likely to be CIT-independent. Regardless of the mechanism, decreased phosphorylation of MLC may be an additional way for TPC1 to regulate cytokinesis.
TPC1 and TPC2 were recently found to form an endolysosomal channel complex with the mammalian target of rapamycin (mTOR), a complex that detects nutrient status, coupling the cell's metabolic state to endolysosomal function. 22 One potential role for the channel in controlling lysosomal membrane potential and pH is the regulation of autophagosome-lysosome fusion, one of the last steps of macroautophagy, during which nutrients such as amino acids can be generated in response to starvation. 50 In macroautophagy, portions of cytoplasm are sequestered into autophagosomes and degraded by hydrolytic enzymes following fusion of autophagosomes with the lysosomes. This process releases the breakdown products as nutrients that can be reused by the cell or exported for use by other cells. 51 Interestingly, mTOR is central in regulating the balance between autophagy and cell growth, 51 and tpc1/tpc2 double knockout mice showed defects in autophagy. 22 Autophagy was also recently shown to play a critical role in the degradation of active RhoA, with implications for cytokinesis control and genomic stability. 52 Defects in autophagy specifically drove cytokinesis failure, multinucleation and aneuploidy in correlation with the failure of RhoA to localize at the midbody, accumulating in autolysosomes instead. 52 Furthermore, constitutively active RhoA was found to inhibit proliferation by retarding cell cycle progression and impairing cytokinesis. 48 Thus, it is possible that TPC1 contributes to cytokinesis control by regulating RhoA recycling via lysosomal autophagy. Endolysosomal involvement in cytokinesis has been previously demonstrated; both copine A, a calcium-dependent membrane binding protein involved in endolysosomal membrane trafficking, 53 and clathrin-mediated membrane trafficking and processing of proteins are required for cytokinesis in Dictyostelium. 54 Endosomal sorting complex required for transport (ESCRT) components, originally found to be involved in endosomal sorting and multivesicular endosome biogenesis, have also been identified in cytokinesis control. 55 Abscission is known to be carried out by the combination of several events including vesicle trafficking, microtubule remodeling and membrane deformation. [56] [57] [58] Cytokinesis failure leads to centrosome amplification and production of tetraploid cells, introducing chromosomal instability and setting the stage for tumor cell development. 23, 32 Expression of TPC1 was significantly upregulated in a human protein array of tumor tissue compared to normal tissue, suggesting that dysregulated TPC1 expression may contribute to the aberrant cell division prominent in many cancers. Furthermore, CIT is frequently upregulated in hepatocellular carcinoma, 37 further highlighting the role of abscission control in carcinogenesis. Endogenous protein levels of TPC1 appear to be carefully orchestrated during cell cycle progression, with greatest expression at G2/M. In this study, we have induced TPC1 overexpression in HEK 293TREX cells, disrupting this critical balance, and causing multinucleation and cessation of complete cytokinesis. Consistent with these findings, TPC1 expression was increased in tumor tissues, implicating a new role for TPC1 in tumor progression. We also identified the major abscission control kinase CIT as a novel binding partner of TPC1. While gain-of-function experiments do pose a limitation in interpreting normal WT function, it is probable that TPC1 overexpression causes dysregulation of spatial and/or temporal localization of CIT, affecting proper RhoA localization and abscission function. Thus, in WT cells, TPC1 likely regulates active RhoA homeostasis, through lysosomal autophagy, via the scaffold protein CIT (Fig. 6) . While other signaling mechanisms of this process remain to be verified, the involvement of the endolysosomal system in cytokinesis completion has been established, highlighting a central role for the phosphoinositide-activated sodium-selective TPC1 ion channel.
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